The Subsecond Thermophysics Group at Graz University of Technology has been working to determine the thermophysical properties of liquid metals for about 25 years. The work remains relevant and of current interest for scientific applications as well as for the metalworking industry. Accurate data for the melting transition and the liquid state are often sparse, but are essential inputs to computer simulations, for instance those of solidification or die-casting.
Introduction
The Subsecond Thermophysics Group at Graz University of Technology has been working to determine the thermophysical properties of liquid metals for about 25 years. The work remains relevant and of current interest for scientific applications as well as for the metalworking industry. Accurate data for the melting transition and the liquid state are often sparse, but are essential inputs to computer simulations, for instance those of solidification or die-casting.
Palladium is used in dentistry, jewellery, watchmaking, spark plugs, the production of electrical contacts, and metallising ceramics (1) . Finely divided palladium makes a good catalyst, used to accelerate hydrogenation and dehydrogenation reactions, and for petroleum cracking. The palladium-hydrogen electrode is used in electrochemical studies. Palladium has recently attracted much interest as a potential replacement for higherpriced platinum in catalytic converters for controlling emissions from diesel vehicles.
The present experiments on palladium form part of a systematic investigation of the thermophysical properties of the platinum group metals. Measurements on rhodium are scheduled in the present programme; osmium and ruthenium are not available in wire shape. Platinum and iridium have already been investigated (2) (3) (4) , and show a slight increase of normal spectral emissivity at wavelength 684.5 nm in the liquid phase, similar to the trend in emissivity values for palladium reported in the present work.
Experimental and Data Reduction Procedures
Using a pulse-heating apparatus (Figure 1 ), the thermophysical properties of conducting materials are accessible from the solid state up to the end of the stable liquid phase. For the present investigations, palladium samples in the form of wire (0.5 mm diameter, 60 mm length, purity 99.9%, purchased from Alfa Aesar, Stock 10279, lot F28J28) were incorporated in a capacitor-driven discharge circuit and resistively pulse-heated.
The following parameters were determined directly:
From these, the following thermophysical properties were derived:
• sample temperature (2, 5) .
To enable accurate and unambiguous temperature determination over such a large range, pyrometric detection based on Planck's law of black-body radiation (6) was used. Normal spectral emissivity data were determined by an ellipsometric method (division of amplitude polarimeter; μs-DOAP) (7, 8) to avoid uncertainties arising from the unknown emissivity and its behaviour over the temperature range of the measurement.
Results
In Figure 2 , the normal spectral emissivity, ε, of palladium at wavelength 684.5 nm is plotted against radiance temperature, T rad , and compared with literature results. The melting temperature of palladium, T m , is 1828 K (9), whereas the radiance temperature at melting is 1680 K for wavelength 650 nm. At the latter temperature, the value of the emissivity is 0. ments in the liquid phase produced the following linear fit for normal spectral emissivity in the radiance temperature range 1680 K < T rad < 3200 K:
At the end of the solid phase, emissivity values were around 0.49 (following surface preparation with abrasive paper of grade 1200 or 4000). As the surface smooths during liquefaction, a strong decrease can be observed; the emissivity is 0.360 at the end of melting. An emissivity of 0.3602 for liquid palladium at the melting temperature is reported (10); this was interpolated for wavelength 684.5 nm. A slight increase of normal spectral emissivity is observed up to 3200 K; this is similar to the behaviour reported for platinum (11) . Figure 3 is a plot of specific enthalpy, H, versus temperature, T. Since this work focuses mainly on melting and the beginning of the liquid phase, temperature dependences are shown in all plots from around 1500 K upwards.
For the solid and liquid phases in the temperature ranges: 1550 K < T < 1828 K and 1828 K < T < 2900 K respectively, averages of seven pulseheating measurements give:
where H is in kJ kg -1 and T in K. At melting, which is indicated in Figure 3 by a vertical broken line, the specific enthalpy changes from H s = 425.9 kJ kg -1 to H l = 585.5 kJ kg -1 (the subscripts s and l denoting solid and liquid respectively.) These results yield ΔH = (159.6 ± 16) kJ kg -1 for the enthalpy of fusion. Arblaster (11) uid in the temperature range 1828 < T < 2900 K is:
where ρ is in μΩm and T in K. For electrical resistivity that is compensated for thermal expansion, ρ v , Seydel and Kitzel's (13) thermal expansivity values for palladium were adopted. Several other authors also report density values for palladium (15) (16) (17) . The change in diameter (and hence cross-section) of the sample with heating results in a shift to higher resistivity values. At the onset of melting, a volume-adjusted resistivity of 0.495 μΩm was obtained, and at the end of melting 0.844 μΩm. Thus an increase Δρ = 0.349 μΩ m at melting is observed. Matula (18) recommends a resistivity at the onset of melting of 0.46 μΩm and for the end of melting 0.83 μΩm, giving an increase Δρ = 0.37 μΩm at melting.
The polynomial fit to the present volumeadjusted values for liquid palladium in the temperature range 1828 K < T < 2900 K is:
where ρv is in μΩm and T in K.
The present resistivity values, compensated for thermal expansion, agree excellently with Matula's recommendations (18) for the liquid phase, and well for the solid. Figure 5 is a plot of thermal conductivity, λ, against temperature, T. To estimate thermal conductivity via the Wiedeman-Franz law (6), Seydel and Kitzel's density data (13) were again used to correct electrical resistivity for actual thermal expansion. For liquid palladium in the temperature range 1828 K < T < 2900 K:
where λ is in W m 
K
-1 , respectively. Thermal diffusivity, a, can be estimated from thermal conductivity (2). Thermal diffusivity is not plotted against temperature here; this gives no additional relevant information since λ and cp are used for the calculation. The corresponding fit for liquid palladium in the temperature range 1828 K < T < 2900 K yields:
where a is in m 2 s -1 and T in K. At the onset of 
Discussion
Thermophysical data for liquid palladium are quite sparse in the literature. Seydel and Kitzel (13) report only enthalpy dependences and no temperature dependences, since they did not perform the latter measurements. The values found here for the normal spectral emissivity ε for liquid palladium at wavelength 684.5 nm at the end of melting give an excellent match to that reported by McClure et al. (10) . The enthalpy of fusion obtained here compares very satisfactorily with the results reported by Arblaster (11), Dinsdale (12) and Seydel et al. (13, 14) , within the range of uncertainty of the present work. Further, selected values from (22) , considered the best of their time, must be considered outdated for comparison purposes.
The temperature-dependent resistivity values reported here agree well with the recommended values of Matula (18) , within the present experimental uncertainty. Only a comparison of the present thermal conductivity values at the onset and end of melting with corresponding data from Vlasov et al. (20) as reported by Mills et al. (21) shows a significant discrepancy, but Zinovyev's data (19) for the end of the solid phase appear to confirm the thermal conductivity values obtained in the present work.
Uncertainties
Within the terms of (23), the uncertainties reported here are expanded relative uncertainties with a coverage factor of k = 2. The uncertainties given in Table I have been derived for the thermophysical properties calculated here.
Conclusion
For liquid palladium, a set of thermophysical data is reported here: enthalpy, isobaric heat capacity, electrical resistivity, thermal conductivity and thermal diffusivity as a function of temperature. Since temperature measurement is combined with simultaneous emissivity measurements, there is no ambiguity in the present temperature-dependent data. Temperature, T, K
